Planar photonic crystals are constructed by combining two-dimensional periodic structures with high refractive index contrast slabs. By suppressing the loss in these structures due to imperfect confinement in the third dimension, one can fully take advantage of their relatively simple fabrication, and achieve the functionality of three-dimensional photonic crystals. One of the greatest challenges in photonic crystal research is a construction of optical nanocavities with small mode volumes and large quality factors, for efficient localization of light. Beside standard applications of these structures (such as lasers or filters) , they can potentially be used for cavity QED experiments, or as building blocks for quantum networks. This paper will address our theoretical and experimental results on optical nanocavities based on planar photonic crystals, with mode volumes as small as one half of cubic wavelength of light in material, and with Q factors even larger than 1 x iO".
INTRODUCTION
Photonic crystals (PCs) are structures with periodic variation ofdielectric constant in one, two or three dimensions. '5 This periodicity is usually of the order of the wavelength of light in material that the PC is made of. While the one-dimensional structures operating at optical wavelengths have been known for more than 20 years,1 the extension of photonic crystals to two and three dimensions was simultaneously proposed by Yablonovitch and John in 1987.2,3 Although 3D PCs offer the opportunity of light manipulation in all three dimensions in space, they are very difficult to fabricate.6 For this reason, many research groups have concentrated their efforts on planar photonic crystals (i.e., 2D photonic crystals of finite depth) in recent years.77 By introducing point or line defects into such 2D PC arrays, a variety of passive and active optical devices can be constructed, and integrated on a single chip. The fabrication procedures of planar PCs are much simpler than those of their 3D counterparts, but their light confinement is only "quasi-3D," and resulting from the combined action of 2D photonic crystal and internal reflection. The imperfect confinement in the third dimension produces some unwanted out-of-plane loss (radiation loss), which is usually a limiting factor in performance of these structures. One of the most important properties of photonic crystals is their ability to localize light into small mode volumes. Even the simplest single defect nanocavities in planar photonic crystals with triangular lattice, produced by changing the radius or refractive index of a single PC hole or rod, can localize light into the volumes as small as one half of cubic wavelength in material. Unfortunately, these most obvious nanocavity designs have maximum quality factors of the order of only a few 1820 However, our group at Caltech has recently proposed the design and fabrication of optical nanocavities based on free-standing membranes, with Q > iO and mode volumes still of the order of one half of cubic wavelength of light in 21 22 We have also recently demonstrated the experimental Q factor of 2800 in this type of structure, for which the theoretically predicted Q was around 4000. 23 The topic of this article is the design, fabrication and characterization of these novel structures. Beside standard applications (such as optical filters, or laser resonators), they can also be used for achieving spontaneous emission control, threshold-less lasing, or as building blocks for quantum networks.8 '24 Xrø( Figure 1 . Optically thin membrane patterned with a triangular array of air holes.
THEORY 2.1. Choice of photonic crystal parameters
The first step in the structure design is the choice of PC parameters. There are five parameters that we can control, as illustrated in Figure 1 : the refractive index of material (n), the type of photonic crystal lattice (triangular, square...), the thickness of the slab (d), the lattice periodicity (a), and the hole radius (r). The wavelength of light in air is denoted as A. Since our structures are usually made out of Si or 111-V semiconductors, we do not have much choice over the refractive index, which is in the range between 3.4 and 3.5. Furthermore, we concentrate mostly on triangular lattice crystals, which can provide us with a better lateral confinement than square lattice crystals. 25 However, properties of PC are still very sensitive to the remaining three parameters: d, r and a. TE-like modes (also referred to as the even modes) have dominant E , E and B components in the middle of the slab. It is important to note that the structures presented here do not have a bandgap for TM-like (odd) modes (having the dominant B , B and E components in the middle of the slab).
As mentioned previously, parameters of the band diagram are highly sensitive to d, r and a. Figure 2 illustrates how the TE bandgap edges shift in frequency as a function of d/a and r/a, in the case of the triangular lattice with n = 3.5. The control over a position of a bandgap by tuning na and d/a is a very powerful property of planar PCs, which implies that one can tune mirrors by lithography and etching, instead of growth. Furthermore, mirrors operating at many different wavelengths can be constructed on the same chip. Therefore, if d/a increases, but r/a is kept constant, the band edges shift downwards in frequency and bandgap size remains approximately constant in the analyzed range. On the other hand, if d/a is kept constant, but r/a increases between 0.3 and 0.4, the bandgap edges shift upwards in frequency and the bandgap size increases. Even though the increase in the hole size leads to the increase of the bandgap, which is desirable for suppression of lateral loss, it also produces large out-of-plane losses. For this reason, we limit r/a of our structures to rather modest values of around 0.3. Since the reduction in r/a leads to a decrease in the size of the bandgap, it is important not to reduce the hole radius too much, in order to preserve the lateral confinement and small mode volume (e.g., we do not use r/a below 0.275). The d/a ratio of our structures is usually between 0.65 and 0.75, and we were able to design nanocavities with very high Q factors at both ends of this range, without a significant change in the mode 824 The reasons for choosing this thickness range are the following: if the slab is too thin, the mode is not confined well within it vertically, and it interacts more strongly with the substrate (positioned at around )/2 underneath the bottom membrane surface in our structures8), which reduces its Q factor. Furthermore, the fabrication of very thin suspended membranes is difficult, and these structures are not very robust. On the other hand, if d/a is too large, the structure is multimode in the vertical direction, which is also undesirable.
The nanocavities presented in this article are based on the following two sets of parameters: (1) these parameters are shown in Figure 3 . In the FDTD method, we apply the discretization of 20 pixels per periodicity a.
Point defects in planar photonic crystals
The simplest way of forming a nanocavity starting from the photonic bandgap (PBG) structure shown in Figure 1 is by changing the radius of a single hole, or by changing its refractive index. The former method is more interesting from the perspective of fabrication, since lithographic tuning of parameters of individual holes is a simple process to implement. By increasing the radius of a single hole, an acceptor defect state is excited, i.e. , pulled into the bandgap from the dielectric band. On the other hand, by decreasing the radius of an individual hole (or by tuning its refractive index between 1 and the refractive index of the slab) , a donor defect state is excited and pulled into the bandgap from the air band.26
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• r .,; Acceptors tend to concentrate their electric field energy in regions where the large refractive index was located in the unperturbed PC, while the electric field energy of donors is concentrated in regions where there was air in the unperturbed PC, as shown in Figure 4 . The donor defect state shown in Figure 4 is called a dipole mode. This mode has a double degeneracy27 and can be separated into the x and y dipole modes, based on the orientation of the electric field in the center of the defect. The total loss that a defect state suffers can be separated into the lateral (in-plane) loss, and vertical (out-of-plane) loss. Similarly, the total quality factor of a defect mode can be expressed as a superposition of lateral and vertical quality factors: 1 1 11 (1) II aud Q are inversely proportional to the lateral and vertical losses, respectively. In all of our calculations, the boundary for separation of vertical from lateral loss (i.e., the vertical quality factor Qj from the lateral quality factor Qjj) is positioned approximately at A/2 from the surface of the membrane. For structures operating at bandgap frequencies, Qii increases as the number of PC layers around the defect increases, and the total quality factor Q approaches Q.5 The vertical quality factor (Q) saturates after around five PC layers surrounding the defect. For our calculations, we also assume that x = 0, y = 0, z = 0 denotes the center of the cavity and z = 0 is the middle plane of the slab. For all presented analyses, five layers of PC holes surround the defect and the applied discretization of a = 20 points per lattice periodicity was used.
The simplest single defect nanocavities in planar photonic crystals with triangular lattice, produced by changing the radius or refractive index of a single PC hole or rod, can localize light into the volumes as small as one half of cubic wavelength in material. Unfortunately, these most obvious nanocavity designs have maximum quality factors of the order of only 224 This was, clearly, not good enough for some of the applications that we had in mind (such as cavity QED), for which reason we initiated our work on designing a nanocavity that could still localize light into such a small volume, but have a much larger Q factor. Some of our successful designs will be presented in the next Subsection of this article. 
Design of high Q optical nanocavities: fractional edge dislocations in planar photonic crystals
We have recently proposed the design and fabrication of optical nanocavities in free standing membranes with ? > io4 for the dipole mode, and mode volumes of the order of one half of cubic wavelength of light (measured in material) 21 The dramatic improvement in Q factors over single defect nanocavities (without a significant increase in the mode volume) was obtained by introducing a novel type of photonic crystal lattice defect, consisting of the elongation of holes along the symmetry axes. We call this type of defect a fractional edge dislocation, by analogy with edge dislocations in solid state physics. Edge dislocations are formed by introducing extra atomic planes into the crystal lattice. On the other hand, we here insert only fractions of atomic planes along the symmetry axes of photonic crystal, as shown in Figure 5 . Hole-to-hole distances are preserved under this deformation, and the halfspaces y > p!2 and y < -p/2 maintain the unperturbed photonic crystal geometry. We start from the triangular photonic crystal with the previously introduced parameters, and reduce the central hole radius to rdef/a = 0.2. Then we apply a fractional edge dislocation of order p is applied along the x axis, as shown in Figure 5 . The dipole mode's frequency decreases as a function of the elongation parameter 24 and it is desirable to start in the elongation process with a mode whose frequency is close to the edge of the air band, allowing enough space to achieve the optimum Q within the bandgap when the structure is tuned. In that case, the lateral confinement is preserved and Qii can be improved by increasing the number of photonic crystal layers around the defect. This is one of the reasons for reducing the defect hole radius to only O.2a. The other reason is our long-term goal, the photonic crystal cavity QED with neutral atoms,8 for which we need a strong field intensity within an air hole large enough to place a neutral atom, without significant surface effects. The symmetry ofthe PC surrounding the defect is broken by this deformation, which separates the doubly degenerate x and y dipole modes in frequencies. The presented defect of the PC lattice spoils the Q factor of the y-dipole mode.
On the other hand, for the x-dipole mode shown in Figure 6 , this deformation leads to a significant Q improvement.
Parameters of the x-dipole mode, as a function of the elongation parameter p, are shown in Figures 7 and 8 .
Therefore, by tuning p, the quality factor reaches values of over 10000. The mode volume Vnode does not change significantly with p and is approximately equal to O.5(). For structures operating at telecommunication wavelength A = 1550nm, the elongation step L p = 1 corresponds to approximately 23nm. From Figure 7 , it follows that even when the elongation is accidentally detuned by 2Onm (i.e., p changed from 2 to 3), Q still remains in the range of 10000. The insensitivity of Q to small variations in p is very important, since the small detuning in p during the fabrication process does not destroy properties of the structure. Thus, such structures are predicted to be relatively robust and manufacturable. It is also interesting to note that the frequency of the mode decreases as p increases, even though the amount of low refractive index material increases. However, the net amount of low refractive index material does not matter. What matters more is where the low refractive index is positioned, relative to the unperturbed PC. The explanation of the decrease in frequency is very simple, if we recall the x-dipole mode pattern shown in Figure 6 . This is a donor type defect mode, as previously stated, that concentrates its electric field energy density in low refractive index regions of the unperturbed PC. As p increases, layers of PC holes are moved away from the defect in the y direction. For example, the n-th layer of holes parallel to the x axis will now be positioned at y = p/2, instead of y = Therefore, material with large refractive index (semiconductor) will now be positioned at places where the mode expects to "see" air, leading to a corresponding decrease in the mode's frequency. In Figures 7 and 8 one can observe that an increase in the elongation parameter p can be used to tune the Qfactor of a mode, but it also leads to a decrease in the dipole mode's frequency. This implies that by increasing p, the mode is pulled deeper into the bandgap, away from the air band edge, which leads to its better lateral confinement and an increase in its Qti• Therefore, we can simultaneously achieve a reduction in vertical losses and an improvement in lateral confinement (i.e., an increase in both Qj and Q11, and a reduction in the mode volume).
EXPERIMENT 3.1. Fabrication
Our group at Caltech has developed fabrication procedures for making optical mirocavities based on planar PC, using a variety of semiconductor materials (Si, or ITT-V materials). For all material systems, the fabrication process starts by spinning of lOOnm thick high molecular weight PMMA (polymethylmethacrylate) on top of the wafer. The PMMA layer is subsequently baked on a hot plate at 150°C for 20 minutes. A desired 2D PC pattern is beamwritten on the PMMA by electron beam lithography in a Hitachi 5-4500 electron microscope. The exposed PMMA is developed in a 3:7 solution of 2-ethoxyethanol:methanol for 30 seconds. The pattern is then transferred into the membrane layer using the chemically assisted ion beam etching. Then, the sacrificial layer underneath the membrane is selectively attacked by acid dependent on the material system, resulting in a suspended membrane. 
Characterization
We are presently working on characterization of passive cavities (made out of Si or AIGaAs), for the cavity QED experiments. However, using InAs quantum dots as internal photoluminescence sources, we have recently probed spectra of the presented nanocavities, and experimentally demonstrated Q factors as high as 2800 for the x-dipole mode in the structures with fractional edge dislocations.23 An extremely good match between theory and experiment was observed, since the theoretically predicted Q value for this structure was around 4000. We have also experimentally observed the theoretically predicted tuning of Q values and frequencies of modes as a function of the elongation parameter p.
CONCLUSION
Optical nanocavities based on planar photonic crystals have been designed with Q factors over 10000 and mode volumes of the order of 0.5 (). Large spontaneous emission rate enhancements (60) and fi factors (85%) can be achieved in these structures, which makes them excellent candidates for light sources based on the single mode spontaneous emission, with high quantum efficiency and broad modulation width. 24 We have also demonstrated theoretically that PC cavities can be designed for strong interaction with atoms trapped in one of the PC holes, which opens the possibility for using them in cavity QED experiments, or as building blocks of quantum networks. Structures have been fabricated and are presently being characterized for this purpose. Critical issues for further investigation include efficient coupling of light in and out of the PC nanocavities, as well as the significance of surface effects that could perturb atomic radiative structure within the small defect hole. The extremely small mode volume in these structures also poses an interesting theoretical question of how standard cavity QED models must be modified when the single-photon Rabi frequency greatly exceeds the atomic hyperfine spacing. Using InAs quantum dots as internal photoluminescence sources, we have recently probed spectra of our photonic crystal nanocavities, and experimentally demonstrated Q factors as high as 2800 in the structures where the theoretically predicted Q was equal to 4000. 23 The theoretically predicted tuning of Q values and frequencies of modes as a function of the elongation parameter p was also observed during the experiment.
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